, working with heart-lung and isolated heart preparations, have shown that pyruvate can be utilized by the mammalian heart. Minced heart muscle, as will be seen later, oxidizes pyruvate at about the same rate as the intact heart, and it was used in the present work for a study of the mechanism of the oxidation of pyruvate. The object of the investigation was to determine whether oxidation occurs by way of the citric acid cycle as in pigeon breast muscle [Krebs & Eggleston, 1940] .
I27. THE OXIDATION OF PYRUVATE BY HEART MUSCLE BY DAVID HENRY SMYTH'
From the Department of Biochemi8try, Univer8ity of Sheffield (Received 1 June 1940) BRAuN-MENENDEZ et al. [1939] , working with heart-lung and isolated heart preparations, have shown that pyruvate can be utilized by the mammalian heart. Minced heart muscle, as will be seen later, oxidizes pyruvate at about the same rate as the intact heart, and it was used in the present work for a study of the mechanism of the oxidation of pyruvate. The object of the investigation was to determine whether oxidation occurs by way of the citric acid cycle as in pigeon breast muscle [Krebs & Eggleston, 1940] .
The main evidence for the occurrence of the citric acid cycle in pigeon breast muscle is as follows:
(1) The oxidation of pyruvate is inhibited by malonate.
(2) The malonate inhibition is partially overcome by the addition offumarate, and the extra amount of pyruvate used in these conditions is in the proportion of 1 mol. of pyruvate to each mol. of added fumarate. In the presence of malonate succinate is formed in amounts equivalent to the fumarate added, the reaction being fumarate +pyruvate + 202 succinate + 3CO2 + H20.
(1) (3) Under certain conditions fumarate and pyruvate can be shown to form citrate and oc-ketoglutarate.
The general method of investigation in this work was to examine if these same reactions can be demonstrated in heart muscle, and it will be show-n that the process of pyruvate oxidation in mammalian heart muscle is fundamentally the same as in avian skeletal muscle. Method8 In general the procedure followed closely that described by Krebs & Eggleston [1940] , and the same methods were used for the various estimations.
The tissue used was sheep's heart, obtained from the abattoir. As soon as possible after killing the animal the heart was removed, cooled to 00 and maintained at this temperature until the experiment was begun. The rapid cooling after death was found to be very important, and if not carried out within a few min. the rates of 02 consumption and of pyruvate utilization were found to be greatly reduced. The muscle of the left ventricle was minced in the Latapie mill, and suspended in ice-cold phosphate-saline. Except where otherwise stated a suspension consisting of 1 g. of muscle and 7.5 ml. saline were used; 3 nl. of this were measured into a Warburg cup, and the volume made up to 4 ml. with added substrates, inhibitors and distilled water. The respiration was measured for periods varying from 30 min. to 2 hr. at 400 in the presence of various substrates.
The usage of the added substrates was measured, and also the formation of succinate, oc-ketoglutarate and citrate under various conditions.
In expressing the results the amounts of all substances are expressed as p.l. of gas, 1 millimol being taken as equivalent to 22,400,1i. Evans et al. [1935] , from estimation of the 02 content of the coronary arterial and venous blood in the heart-lung preparation, found values of 221 ml./ 100 g./hr. Higher values have been found in other experiments. With varying conditions of activity Evans [1912] found 02 consumptions of 250 to 500 ml./ 100 g./hr., and other results fall within this range [Starling & Evans, 1914; Cruickshanks & Startup, 1934; Gremels, 1933; Cohn & Steele, 1935] . Few corresponding data are available for the in vitro respiration of the heart.
Tsuneyoshi [1927] reported a QoOf about 20 for the rabbit's heart and for the same tissue Stare & Baumann [1939] found a Q0 of 12-17. It is seen again that the oxidative processes in minced heart and in acfive intact heart are of the same order of magnitude.
The complete oxidation of 1 mol. of pyruvate requires 2j mol. of 02. The figures given show that this ratio of 02 to pyruvate was approached but never attained. This is possibly explained by the simultaneous anaerobic disappearance of a certain amount of pyruvate, or possibly by incomplete oxidation of the pyruvate. As will be shown later this is known definitely to occur under certain conditions.
The addition of pyruvate in a concentration of 0-02M to heart muscle has a marked effect in increasing the respiration ( to about 80 %. Since a part of the residual pyruvate disappearance is probably due to an anaerobic reaction, the inhibition of the oxidative removal of pyruvate must be regarded as higher than this value and possibly irearly complete. Tables 6 and 7 . The extra amount ofpyruvate which disappears in the presence ofmalonate is roughly proportional to the amount of fumarate added, the relation being 1 mol. of pyruvate to 1 mol. of added fumarate. These results are explained by the hypothesis of the citric acid cycle, and so far no alternative explanation is available. In the case of lower concentrations of malonate the fumarate may produce a catalytic action, as illustrated in the last experiment quoted in Table 6 , where in presence of a concentration of 0.001 M malonate the addition of 56 and 12,u1. of fumarate led to the removal of 233 and 278,uI. of pyruvate. In this case the malonate inhibition, owing to its competitive nature, is overcome by the succinate formed during oxidation of the pyruvate.
The 02 consumption is also increased by the addition of fumarate and the increase bears a fairly definite relationship to the amount of fumarate added. According to equation (1) [1939] . Even where there is an increase in respiration this is not so great as that produced by addition of ketoglutarate, although the amount of 02 required to convert citrate into succinate is twice that required to convert the corresponding amount of oc-ketoglutarate. Biochem. 1940, 34 67 There are several possible explanations for the citrate effects.
(1) The malonate may cause an inhibition of the citric dehydrogenase as suggested by Stare & Baumann [1939] .
(2) The succinic and other dehydrogenases may be inhibited by citrate. (3) Si,nce the oxidation of citrate is associated with the reduction of oxaloacetate the amounts of this substance present will influence the effect of citrate on the malonate inhibition.
These possibilities are being futither investigated. Formation of &uccinate. According to equation (1) the fiumarate added in the presence of malonate is converted into succinate, the intermediate products of reaction being citrate and oc-ketoglutarate. That this occurs in heart muscle is shown by the fact that succinate can be recovered on addition of these substances in the presence ofmalonate (Table 9 ). It has already been pointed out that under Krebs & Eggleston [1940] to demonstrate the formation of the intermediate products of reaction, citrate and oc-ketoglutarate. Table 10 shows that formation of these substances also takes place in the heart. While small amounts of citrate are formed in the absence of added fumarate the amounts formed are greatly increased by the addition of this substance. Citrate can also be used anaerobically in the presence of oxaloacetate in the same way as in pigeon breast muscle. . From the figures in Table 11 it may be concluded that the reaction described by Krebs also occurs in heart muscle Citrate + oxaloacetate oc-ketoglutarate + malate + CO2. 67-2 4 5. Maintenance of the respiration by substrates other than pyruvate Stare & Baumann [1939] have shown that citrate and fumarate can each cause increase in the respiration of the heart. The effect of these and other substances was investigated. Table 12 shows the effects of a number of substances Van Heyningen [1936] indicate a uniformity in the rate of metabolism in the same tissue in different species irrespective of the size of the animal.
In the intact heart Braun-Menendez et al. [1939] found that high concentrations of pyruvate gave rise to extra-systoles and other cardiac irregularities. It is of interest that the concentration of pyruvate (above 0-02M) which produced these effects caused in the minced heart a decrease in the stimulating effect of pyruvate on respiration and an incomplete oxidation of the pyruvate used.
Certain observations made here point to pyruvate as a normal intermediate substance in the metabolism of the heart. These are:
(1) The effect of pyruvate in maintaining the respiration of the heart in the absence of other added substrates.
(2) The inhibition of respiration by malonate even in the absence of added pyruvate.
(3) The ability of fumarate in these conditions to restore partially the respiration and to form succinate. SUMMARY 1. Minced heart muscle of the sheep used 02 and pyruvate at about the same rate as the intact working heart of the dog.
